The repair of corroded pipelines with fiber reinforced composite materials is a well-developed practice in the oil and gas transportation industry. Laboratory hydrostatic burst tests and field practice of several years have shown that these repairs are effective for pipelines with external corrosion defects. This paper deals with laboratory tests carried out to compare the behavior of fiber reinforced composite repairs applied to defects machined in pipeline test specimens.
INTRODUCTION
A research project was conducted to assess the behavior of composite repair systems from four different suppliers. Tubular specimens were provided with long artificial defects, simulating wall thickness reduction due to localized corrosion. The defects were made severe on purpose, with 70 percent loss of thickness, in order to investigate how far composite repair systems can reach. Severe as they were, the defects could still be repaired, according to ASME B31.4 code [1] . The reduction in internal pressure capacity of the tubes caused that type of defect is well known from previous studies [2] .
After the specimens were repaired in the field, they were taken to the laboratory and a sequence of hydrostatic tests was performed to verify the ability of the repair systems to restore the original strength of the tubes.
EXPERIMENTAL PROCEDURES
Nine 20" nominal OD pipeline specimens of API 5L X60 steel were hydro tested. The specimens had machined internal or external defects, 500 mm long and 95 mm wide. Two tubes were not repaired. These specimens were tested up to rupture to demonstrate the loss of strength caused by the defects. Figure 1 displays the geometry of the external defect introduced to the tubular specimen without composite reinforcement. The resulting thickness reductions for every specimen were carefully mapped. Further, steel samples were taken from every tube for tensile testing. The OD of the tubes was 527 mm (20" nominal), they had a nominal thickness of 14.3 mm (0.562") and were 3 meters long, with welded plane ends. The defects were milled till a depth to thickness ratio equal to 0.70 (10 mm depth). The borders of the milled region had a 50 mm fillet radius along the circumferential direction and a 12 mm fillet radius along the longitudinal direction. Figure 2 shows the field installation of a repair system. Post yield strain gage rosettes were bonded to the steel surface of the pipes, two at region of the defect and another one halfway trough the end caps, to provide nominal strain figures.
Four commercial reinforcement systems were applied in the field. Seven specimens were repaired using systems named A, B, C and D. Systems A to C were applied to pipes that had machined internal or external longitudinal defects. The other system (D) was applied to a pipe with external defect.
The specimens were put inside a ditch up hill, parallel to an actual pipeline way. The experimental procedure aimed to simulate the real operation, where the repairs have to be applied in field conditions, which affect the quality of the resulting composite sleeves.
The field application also had the purpose of verifying the logistics of every repair supplier for the operation. This included the packing and preparation of materials, the necessary ancillary equipment and the number of personnel involved. The resulting installation time for a single repair was annotated. Attention was also given for the neatness of the whole process and the degree of site cleanness after the repair is done.
General details of the reinforcement systems and application procedures are given in Table1. The reinforcements were applied to the specimens containing water under a pressure of 5.05 MPa (51 bar). This pressure is the maximum pressure an actual pipe could operate containing a long defect with a maximum depth of 70 percent of the original wall thickness [1, 3] . After completion and cure of the composite repairs the tubes had their inside pressure alleviated and were transported to the lab to be submitted to hydrostatic test. Three other rosettes were bonded to the pipe specimens, on the composite surfaces. Two of them were installed over the defect region and care was taken so that they were in the same radial direction of the rosettes bonded to the steel defect surface. A third rosette was placed at a position 90 o apart from the defect center. Figure  3 shows the general disposition of the sensors. The pressurizing system pumped de-aired water at a rate of 0.5 MPa/min (5 bar/min). The complete test procedure was composed of three pressure test cycles. The first test cycle pressurized the pipe specimens up to 90 percent of the design pressure of the pipeline. The specimens were unloaded and inspected to check for small leaks or reinforcement debonds. The rosettes were re-zeroed because some of them already indicated plastic strains (rosettes located inside the defect region).
The design pressure considers the SMYS of the pipe material decreased by a factor F=0.72 [1] . The design pressure is 16.8 MPa (171 bar). The second test cycle reached the design pressure and after that pumping continued until the pressure related to SMYS was reached. If the specimen were able to withstand this pressure for 4 hours, the pressure would be released to zero so that external inspection of the specimen and re-zeroing of the plastically deformed gages could be made. The third test cycle was composed of ten pressure cycles to the design pressure. Table 2 shows the test results. The results related to the non-reinforced specimens were used as references or normalizing factors for comparison with the results of the reinforced specimens, as shown in table 2. The burst pressures were 14.6 MPa (149 bar) and 15.8 MPa (161 bar), for the non-reinforced tubes with external and internal defects, respectively. These pressures were approximately 90 percent of the original design pressure of the pipeline. The burst pressures predicted by DNV-RP101 [4] expression for rupture of single defects. were 14.0 MPa (143 bar) for the non-reinforced tube with external defect (the actual figure showed a difference of 4%) and 16.9 MPa (172 bar) for that with internal defect (a difference of -7%). The comparison was quite good.
As can be seen in Table 2 only one reinforcement system (A) passed all test cycles, considering both internal and external defects. System C supported the complete test cycle for the external defect specimen but the specimen with the internal defect failed the full hydrostatic pressure test after 30 minutes of maximum applied pressure. In general, failure was characterized by plastic collapse and leakage at the thinner section of the defect in the steel tube. The composite sleeves did not break. System B reached and passed the design pressures but failed before reaching the maximum hydrostatic test pressure for both specimens. System D failed near the design pressure. All systems presented reinforcement effects when compared to the burst pressures of the non-reinforced specimens. Systems A, B and C showed to withstand the design pressure with ratios of 1.39, 1.14 and 1.39.
FEA PROCEDURES
A preliminary task was to calibrate of the FEA parameters (element type and mesh size) to reproduce with sufficient accuracy an exact solution available in the literature for thick composite tubes. The validity of the "smearing" approach was checked. This considers the assembly of several alternate laminae to correspond to an equivalent specially orthotropic material. The objective was to define the simplest model that could still reproduce all the relevant characteristics of a thick composite tube.
An exact 3D solution was taken from Varadan and Bhaskar 
where Q 0 is a constant positive pressure (resulting in a negative radial stress), z is the axial co-ordinate, L is the length of the tube and θ is the angular co-ordinate. The integers m and n were equal to 1 and 4, respectively. All the layers were made of the same material and the lamina properties were:
The results were given in terms of the following nondimensional stresses: where r defines the radial direction of the tube and S is the average radius to thickness ratio, which was taken equal to 4.
Brick elements with 20 nodes were adopted, in a very fine mesh. There were 6 elements across the thickness. The FEA code used was ABAQUS [6] . The results are shown in fig. 4 . At first, a full integration brick element, with 27 Gaussian points was adopted. Later a more economical reduced integration scheme, with 8 Gaussian points was tried The parameter ρ is a non-dimensional radial co-ordinate, ranging from -0.5 at the inner surface to 0.5 at the outer one. The FEA results were taken at the integration points.
As can be seen, the agreement was very good, both for the full and the reduced integration elements. This result supported proceeding to the analysis of the composite tube reinforcements with the same sort of mesh parameters.
Once the basic FEA parameters have been defined, it is necessary to address the properties of the composite material to de adopted in the FEA model. Usually, the commercial repair systems constitute specially orthotropic materials, in which the important directions of the laminate coincide with the directions defined by the tube. In this case, 9 mechanical properties of the Interface material are in principle required, but this number is reduced due to the considerations that follow. To simplify the discussion, take a unidirectional laminated material, where all fibers are disposed at the same direction. Normally, mechanical tests provide 4 basic properties of a lamina: the longitudinal modulus of elasticity, E L or E 1 , the transverse modulus of elasticity, E T or E 2 , the Poisson´s ratio in the plane of the lamina, ν LT or ν 12 and the shear modulus in the plane of the lamina of elasticity, G LT or G 12 .
A polar coordinate system was adopted for the FEA. The direction of the fibers (direction 1), that is the strongest within the laminated material, is made coincident with the circumferential direction (direction θ) of the tube, to better resist the hoop stress. The transverse direction of the lamina (direction 2) coincides with axial direction z of the tube. Direction 3, normal to the lamination plane, coincides with the radial direction r of the tube.
The nine required mechanical properties are E 1 , E 2 , E 3 , G 12 , G 13 , G 23 , ν 12 , ν 13 and ν 23 . The out-of-plane properties are seldom measured, and it is usual to consider the material as isotropic in the transverse 2-3 plane. Some simplifications are:
In 2-3 plane the following relation is now valid:
The necessary properties are reduced to five. Four of them in the plane of the laminate, and thus easier to measure, as mentioned above: E 1 , E 2 , G 12 and ν 12 . The fifth required property, G 23 (or ν 23 , through the relation just shown) is obtained from the literature [7] , as it is any other missing property.
Reciprocity relations lead to an useful expression, when it is necessary to convert from the lamina reference system to that of the tube:
Because it is made of an isotropic material, the steel tube requires only two properties: E and ν. As the experiments showed that the region within the machined defects went into plastic regime, the FEA models considered the stress versus strain curves measured for every metallic tube. To better account for the bulging effect, the FEA model also considered the geometric non-linearities that arise as the tube deforms under pressure.
The basic properties of the repair systems tested are given in table 1. Table 3 shows the values adopted for the remaining ones, obtained as discussed above. Table 3 -Values adopted in the FEA models for the mechanical properties of the repair systems.
The conversion to the polar reference system used in the FEA model of the tube from the laminated material reference system obeyed the convention shown in table 4. Once the materials were defined for the FEA models, meshes of 20-node, reduced integration, brick elements were generated for the tubes tested, beginning with the nonreinforced specimens. The meshes took into account the measured dimensions and steel properties of every specimen. Figure 5 displays the mesh for the non-reinforced tube with external defect. There were 2 elements across the radial direction, both for the steel tubes and the repair materials. This result encouraged the use of FEA models to describe the behavior of the reinforced tubes. All the repair systems gave similar results, that will be described here by using the results related to the repair system C. The analysis focused on the second pressure cycle, that simulated the hydrotest condition of a new pipeline. The first pressure cycle to 90 percent of the design pressure had the purpose of accommodating the composite material over the metallic tube, but caused some plastic flow in the latter, as mentioned before. The stress-strain curve input for the steel was modified accordingly. The results related to the specimen with internal defect are shown in figure 7. As figure 7 shows, at the elastic regime the outer surface of the composite reinforcement actually went into compression, due to the hinge effect of the defect in the metallic tube underneath. The composite sleeve started to effectively reinforce the metallic tube once it began to yield.
The filled symbols in the graph are the FEA results considering the repair properties as shown in table 1. It is apparent that the continuously wrapped fibers developed more circumferential stiffness than the flat tensile test specimens indicated. This behaviour occurred for all the repair systems evaluated. The proposed hypothesis was tried by increasing the longitudinal modulus of the repair laminate, E 1 (or E 2 in the FEA reference system), by 50 percent. The results are shown as empty symbols in figure 7. The circumferential strain in the composite and in the metallic tube as indicated by FEA came closer to the experimental values, the agreement being better for the composite.
Further, the experimental results showed a well-defined bend once the reduced wall thickness in the metallic tube started to yield. The FEA results also displayed a bend, but much less pronounced. The FEA mo del assumed material continuity between metal and composite, where in fact complex interface behaviour took place. The simple models proposed so far did not consider the interface.
As the adhesive at the interface displays a pronounced non-linear behaviour for in-plane shear loads, a second hypothesis was tried. The continuity between the composite sleeve and the metallic tube was supposed to exist only along the radial direction, with no constraints along the circumferential and axial directions. The comparison between the FEA run incorporating both hypotheses and the experimental results is shown in figure 8 . The bends at steel yield point indicated by FEA went closer to the bends observed experimentally. Figure 9 shows the experimental results for the specimen with external defect, reinforced with the composite repair system C, for the second pressure test. In this case the reinforcement started to work from the beginning of pressure application, being more effective as the steel tube started to yield. The FEA model is further complicated by the presence of resin to fill the defect. The FEA studies of this case are still underway. 
CONCLUSIONS
The results indicated that, up to the start of yielding of the pipe defect region, practically only the elastic pipe stresses equilibrated the pressure loading, due to the steel high Young modulus. After yielding, the composite material started working effectively, carrying an important part of the pressure loading increments Test results showed that three repair systems allowed the pipes to reach the original design pressure. These repairs withstood pressures above those that ruptured similar specimens that were not repaired. However, only one of the repair systems was approved in all strength verification tests for both internal and external defects. This system operated during a minimum of four hours under a hydrostatic pressure test (to the SMYS) and was also able to withstand ten pressure cycles of zero-to-design pressure without showing any visual damage.
The FEA modelling of the tubes tested indicated that further studies are necessary to better describe the stiffness of the repair systems and the behaviour of the interface between composite sleeve and the metallic tube. CC experimental CRC experimental
